Both obesity (body mass index ! 30) and educational attainment have increased dramatically in the United States since the 1970s. This study analyzed the influences of educational inequalities in obesity and population improvements in education on national obesity trends between 1970 and 2010. For non-Hispanic white and black males and females aged 25-74 years, educational differences in the probability of being obese were estimated from the 1971-2012 National Health and Nutrition Examination Surveys, and population distributions of age and educational groups, from the 1970 Census and 2010 American Community Survey. In the total population, obesity increased from 15.7% to 38.8%, and there were increases in the greater obese probabilities of non-college graduates relative to four-year college graduates. The increase in obesity would have been lower by 10% (2.2 percentage points) if educational inequalities in obesity had stayed at their 1970 values and lower by one third (7.9 points) if obesity inequalities had been eliminated. Obesity inequalities were larger for females than males and for whites than blacks, and obesity did not differ by education among black males. As a result, the impact of obesity inequalities on the obesity trend was largest among white females (a 47% reduction in the obesity increase if obesity inequalities had been eliminated), and virtually zero among black males. On the other hand, without educational improvements, the obesity increase would have been 9% more in the total population, 23% more among white females and not different in the other three subpopulations. Results indicate that obesity inequalities made sizable contributions to the obesity trends, and the obesity reductions associated with educational improvements were more limited.
Introduction
Both obesity and educational attainment have increased dramatically in the last 40 years. In the United States, the prevalence of obesity (body mass index or BMI 30 and greater) increased III in 1988-94 and seven two-year cycles from the continuous NHANES in 1999-2012 [20] [21] [22] [23] . The analysis did not include the 1959-62 National Health Examination Survey because its education variable combined three and four years of college into one category and did not allow for distinguishing the four-year college group.
Body weight and height were measured by health professionals during the NHANES physical exam. They were used to define BMI as weight in kilograms divided by the square of height in meters, and obesity as BMI ! 30 kg/m 2 [24] . Educational attainment was classified into four levels: less than high school (completed grade less than 12), high school (grade 12, high school graduation, General Educational Development [GED] or equivalent), some college (13-15 years of school or associate's degree), and at least four-year college (at least 16 years of school or bachelor degree, as reference). The high school degree category included both high school graduates and recipients of the GED high school equivalency credentials because the two subgroups could not be separated in the NHANES data. Survey year was available for NHANES I and II, and approximated as the midpoint of survey phase for NHANES III (1990 for Phase I and 1993 for Phase II) and the second year of each two-year cycle in the continuous NHANES.
The analysis was restricted to non-Hispanic whites and blacks aged 25-74 years. Information on national origin was used to identify Hispanics (or rather, non-Hispanics) in the first two NHANES, which did not collect information on ethnicity. The NHANES I and II samples were too small for Hispanics and for other racial/ethnic groups to be included in the analysis. Of the 48,275 respondents meeting the sample selection criteria, 728 females were pregnant, 343 cases missing for anthropometric measures and 285 cases missing for education. After their deletions, the final analysis sample had 46,919 cases (18,245 white females, 16,018 white males, 6,842 black females and 5,814 black males).
The linear probability model was used to examine educational differences in the obese probability, as done previously [13] . For the combined sample of whites and blacks, we estimated a model that included sex, race/ethnicity, educational attainment, linear and quadratic terms for age and survey year, and interactions between education and survey year (linear term). Model specification details were shown in S1 Text. Under this model, the obese probability varies non-linearly with age and time, and educational differences in obesity change over time. Preliminary analyses did not find evidence of non-linear time trends in the obesity differences by educational groups.
As educational differences in obesity may vary between the sexes and racial/ethnic groups, the linear probability model was further fitted to the four sex-race subsamples, but excluding the sex and race variables, the quadratic terms for survey year for the female samples, and the education-survey year interactions for black males. The last two sets of terms were excluded because they were found statistically non-significant at any conventional levels in preliminary analyses. Under these exclusions, obesity increased linearly over time for females, and educational differences in obesity did not change over time for black males. All analysis used sample weights, and survey design effects (clustering and stratification) were accounted for by the Generalized Estimating Equations framework [25] . The design variables were recoded to have unique values across surveys; original NHANES weights were rescaled to sample size within each survey.
National obesity level at any time was as a function of 1) the proportions of people in the subpopulations (i.e., population distributions) and 2) the obese probabilities within the subpopulations. Here, the subpopulations were defined with respect to sex, race/ethnicity, age and educational attainment. A mathematical expression of this function was shown in S2 Text. The NHANES estimates were used for the obese probabilities, and data from the 1970 Census and 2010 American Community Survey [26] , for population distributions of age, sex, race/ethnicity and educational attainment.
To analyze the impact on the obesity level of population improvements in education, we asked the hypothetical question of what the 2010 national obesity level would have been if the population education distribution had been maintained at its 1970 values (Scenario 1). Comparing the hypothetical against actual values would quantify the influence of the changing population education distribution on national obesity level. To reveal the impacts of obesity inequalities, hypothetical 2010 national obesity levels were estimated by manipulating the obese probabilities under three scenarios that used the 1970 values of obese probabilities within educational groups (Scenario 2) or 1970 values of educational differences in obesity (Scenario 3), or eliminated educational differences in obesity (Scenario 4). Scenario 3 differed from Scenario 2 in allowing the obese probabilities within educational groups to change (here, increase) from 1970 to 2010. Both Scenarios 3 and 4 used the 2010 actual obese probabilities for the four-year college group, and allowed the obese probabilities within all educational groups to increase over time.
To compare the 1970 and 2010 obesity levels and analyze obesity trends, an age-standardized 1970 obesity level was also calculated, using the 2010 age distribution as the standard. The standardized and hypothetical obesity levels were estimated for the combined population of whites and blacks and separately for the four sex-race subpopulations. For the combined population, strictly speaking, obesity trends were further affected by changes in the population distributions of sex and race. However, as shown below, these changes were too small to seriously bias obesity trends. Table 1 presents the sample size and obesity level by educational attainment across the 10 NHANES surveys for each of the four sex-race-specific subsamples. Obesity increased over time for all groups, and the less educated were more likely to be obese than the four-year college group. The sample size was smaller for the black than white samples, and in NHANES I, only 38 black females and 19 black males were in the four-year college group.
Results
Estimates from the linear probability models are shown in Table 2 . Obesity increased over time and age, and was higher for blacks than whites and for females than males. For the combined sample of whites and blacks, compared with the four-year college group, obesity was higher for the two high school groups (with and without a degree), but not for the some college group in 1970. The interactions between education and survey year were positive, and for the high school degree and some college groups, the interactions were statistically significant, indicating that over the 40 years, the obese probabilities became increasingly higher for the two medium educational groups, relative to those with a four-year college.
Across the four subsamples, obesity was higher for the two high school groups among whites and black females in 1970, and became increasingly higher over time for the high school degree and some college groups among white females and for the some college group among white males, relative to the four-year college group. Obesity also increased for black females with some college relative to those with a four-year college, but statistical uncertainty was high, and the trend estimate was statistically non-significant. Obesity did not differ by education among black males over the study period. In general, statistical uncertainty was two to three times higher for the black than white estimates, reflecting sample size differences across the subsamples (Table 1) . Fig 1 shows the estimated obese probabilities by educational attainment for the four subsamples. Among whites and black females, the increases in obesity between 1970 and 2010 were larger for the medium educational groups than the least or most educated; and the obese probabilities diverged between college graduates and the three groups of non-college graduates, and converged among the latter three. In 2010, obesity was highest for high school dropouts among white females and for the some college group among white males and black females, but the differences among the non-college graduates were statistically non-significant (not shown).
The 1970 and 2010 population distributions of sex and race/ethnicity were shown in S1 Table and the distributions of age and educational attainment for each of the four sex-race subpopulations, in S2 Table. In the combined population, the proportions of blacks increased between 1970 and 2010, but the increase was less than 3 percentage points (from 5.4% to 8.0% for black females and 4.5% to 6.9% for black males). All four subpopulations became somewhat older: The percentages of those under 45 were 1-3 points lower in 2010 than in 1970. Educational improvement was substantial. In 1970, only 11-29% of white and black males and females had attended college. The corresponding figures reached 46-66% in 2010. Among the college attendants in 2010, about half of the whites and two-thirds of the blacks did not have a four-year college. Table. Over the 40 years, obesity level increased by two folds or more. The 1970 actual obesity levels were < 1 percentage point lower than the values standardized by the 2010 age distribution, indicating that population aging played a trivial role in the obesity increases. A comparison of the 1970 age-standardized and 2010 actual obesity levels showed that obesity increased by 23.1 percentage points in the combined population, 19.7 points among white females, 25.2 points among white males, 26.9 points among black females and 22.4 points among black males.
What was the role of educational improvements in the obesity trends? If there had been no educational improvements and the 1970 education distributions had stayed unchanged over the 40-year period (Scenario 1), the 2010 obesity level would have been 2.1 percentage points higher in the combined population and 4.6 percentage points higher among white females, and not different in the other three subpopulations. Thus, population improvements in educational attainment were associated with a 9% reduction of the obesity increase in the combined population, and across the four subpopulations, a 23.4% reduction among white females only.
On the other hand, if the 1970 obesity risks within each educational group had prevailed in 2010 (Scenario 2), the 2010 national obesity level would have been 20-38 percentage points lower across the five populations. Given the secular rise in obesity, it may be more reasonable to ask what the 2010 obesity level would have been if obesity had increased for all educational groups, but the increase of the less educated groups had been no larger than that of the fouryear college group such that educational differences in obesity had remained at their 1970 values (Scenario 3) or had been eliminated in 2010 (Scenario 4). Under the scenario of no changes in the obesity differences across educational groups, the 2010 obesity level would have been 2.2 percentage points lower in the combined population, 6.7 points lower among white females and not different in the other three subpopulations. Under the scenario of no obesity differences, the obesity reductions would reach 7.9 points in the combined population, 9.3 points among white females, 6.4 points among white males and 7.5 points among black females. These reductions took up sizable portions of the actual increases in obesity: 10-34% (Scenario 3) and 25-47% (Scenario 4). 
Discussion
Obesity increased from 15.7% in 1970 to 38.8% in 2010 among non-Hispanic whites and blacks in the United States. Over the 40 years, the greater obesity risks of non-college graduates relative to four-year college graduates increased, making a positive contribution to the obesity trends. The increase in obesity would have been reduced by 10% (2.2 out of the total increase of 23.1 percentage points) if educational inequalities in obesity had stayed constant at their 1970 values and reduced by one third (7.9 out of 23.1 percentage points) if obesity inequalities had been eliminated. Educational inequalities in obesity were generally larger for females than males and for whites than blacks, and obesity did not differ by educational attainment among black males. As a result, the impact of obesity inequalities on national obesity level was largest among white females (as large as a 47% reduction of the increase in obesity level if obesity inequalities were eliminated), and virtually zero among black males. The estimates for the two black subsamples were less precise because of smaller samples.
To our knowledge, this was one of the first studies to quantify the impact of increasing obesity inequalities on national obesity trends. The increasing obesity inequalities were primarily driven by the some college group, who did not differ from those with at least a four-year college in the 1970s, but had the largest obesity increase over the 40 years and had an obesity risk in 2010 that was as high as those of high school dropouts and high school degree holders. The greater obesity increase of the some college group was neglected in early analyses that lumped the two college groups into one category [8] [9] [10] [11] , but have been recognized in recent analyses [12, 15] . However, the implications of the widening obesity gap between college and non-college graduates for national obesity trends had gone largely unnoticed or hidden. As no population subgroups had been immune from the obesity increase, even analyses of inequalities placed the emphasis on the common aspect of the epidemic and regarded the greater obesity increases of subgroups as exceptions [13] . There was the opinion that the reduction of obesity inequalities may not be useful to control the obesity epidemic at all [16] . The scenarios constructed here allowed obesity to increase over time for all four educational groups, but the increases were smaller for non-college than college graduates. Estimates suggest sizable impacts of obesity inequalities on obesity trends, and the impacts were larger for subpopulations with larger obesity inequalities.
Educational attainment is associated with adult risk factors for obesity. The increasing obesity inequalities favoring the four-year college group are consistent with the increasing advantages associated with college graduates in a variety of adult outcomes such as wages and earnings [27, 28] , marriage and divorce [29, 30] and health and mortality [31, 32] . Adult lifestyle factors such as time spent in exercising and watching TV and energy intake were associated with educational attainment [33] . The education-obesity association could also have origins that are cumulated over the life course. Parental education, for example, may affect not only the offspring's college entrance and graduation [34, 35] but also dietary intake and physical activity [36, 37] . Long-term interrelated processes could drive the trajectories of both educational attainment and obesity.
Population improvements in educational attainment per se, however, may play a rather limited role in the obesity trends. If there had been no educational improvements, the 2010 obesity level would have been 2.2 percentage points higher in the combined population, and across the four subpopulations, 4.6 points higher among white females only. Under the postWorld War II expansion of the education system, more people have accomplished post-secondary education; however, the some college group has become more likely to be obese, relative to other educational groups. Thus, the potential reductions in obesity were not realized. These results suggest that mere shifts in the education distribution may not be effective in containing the obesity epidemic.
There are several study limitations to consider. Obesity was defined in terms of one cut-off point based on body mass index. Previous studies analyzing other measures (e.g., severe obesity, mean BMI, BMI percentiles and waist circumference) found that trends in the educational differences are in general similar across measures [13, 14] , but among men, the relationship between education and the 15th percentile of the BMI distribution is positive [13] . Further research should examine the macro impact of educational inequalities in other body build measures. The NHANES has the advantage of a consistent study design and physically measured anthropometric information, and is the gold standard for obesity research. However, the NHANES samples are somewhat small, and its education variable did not distinguish GED recipients from high school graduates, which could be a source of heterogeneity [38] that should be investigated with appropriate data. The analysis considered obesity inequalities with respect to education, but obesity is determined by complex multifactorial processes at various levels that are shaped by the social and physical environments [39] . The variations in the current findings across the sex-race subpopulations are suggestive of the role played by the larger context. The individual characteristics (e.g., income) and environmental features (e.g. physical activity and food environments) may or may not correlate with education, but are beyond the scope of the current analysis.
To conclude, obesity inequalities have shown no sign of weakening, but increased between college and non-college graduates, making sizable contributions to the obesity trends among non-Hispanic whites and blacks in the United States over the last 40 years. Population shifts in educational attainment, however, have played a more limited role in the obesity trends. Improvements in life styles and living conditions targeting the less educated groups could reduce both obesity inequalities and obesity levels. 
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